Endoscopic surgery ─ a procedure in which target tissue is displayed via a video camera on a TV monitor and the surgeon operates using long, thin instruments (Holden, Flach, & Donchin, 1998) ─ has been acclaimed as a major new advantage in medicine. The benefits associated with this new procedure over traditional surgeries are reductions in the size of the surgical incision and lowered risk of blood loss, infection, and pain (Rattner, 1999) . However, endoscopic surgery is also associated with challenges, some of which arise from the need to view the operative field through a television monitor that displays images from the small camera placed inside the patient's body. Under these conditions, the surgeon's three-dimensional view in traditional surgery is replaced by a two-dimensional view (i.e. depth information arising from accommodation, convergence, and stereopsis is minimized because all images are on the same plane) and the spatial mapping between the camera and the surgical tool is rotated from the normal eyehand mapping. Those visual distortions disrupt perceptual-motor performance. Satisfactory surgical outcomes are obtained only after extensive training that often involves simulators that introduce visualmotor distortions while operators complete simple perceptual-motor tasks, such as transporting a ring between pegs. Performance in such simulators transfers positively to in vivo endoscopic performance (Hytlander, Lijegren, Rhodin, & Lönroth, 2002) .
Informal reports by surgical staff have indicated that the endoscopic environment is demanding (Cuschieri, 1995) . However, the only systematic study of the workload imposed by this surgical technique (Kondraske et al., 2002) has severe limitations; it is based upon a single participant and it focused only upon physical effort. In addition to the obvious issue of sampling, a substantial literature in the human factors realm indicates that workload involves cognitive and motivational factors in addition to physical effort (Wickens & Hollands, 2000) . Accordingly, two experiments were conducted to assess the perceived mental workload in an endoscopic surgery simulator using the NASA-Task Load Index (TLX; Hart & Staveland, 1988) and the Multiple Resource Questionnaire (MRQ; Boles & Adair, 2001a , 2001b , respectively. The TLX is a standard measure of perceived mental workload that provides a global workload index on a scale from 0 to 100 and also identifies six dimensions that contribute to the workload of a task: Mental Demand, Temporal Demand, Physical Demand, Performance, Effort, and Frustration (Wickens & Hollands, 2000) . The MRQ is a newly developed instrument, derived from Wickens' Multiple Resource Theory (Wickens, 1984a (Wickens, , 1984b 
EXPERIMENT 1 Method
Fifty-four undergraduates (27 men and 27 women) from the University of Cincinnati participated for course credit. They were required to be at least 18 years of age, to be right-handed as indexed by the Edinburgh Handedness Inventory (Oldfield, 1971) , to have normal or corrected-tonormal vision, and to be free of any neurological, neuromuscular, or skeletal disorders.
The endoscopic surgery simulator featured two Ethicon graspers with which participants could transfer foam stars between three pairs of right and left pegs located along a north south vector in the center of the simulator. Participants could view the peg board ("surgical field") directly through a Plexiglas screen, resulting in no loss of depth information and no disruption of hand-eye mapping (Control group) or through a TV monitor in which the normal hand-eye mapping was distorted because the peg board was viewed indirectly. In one of the TV-viewing conditions, participants' view of the peg board was aligned with the normal line of sight, resulting in a reduction of depth information and a mild disruption of hand-eye mapping (0° group), while the view of the peg board was rotated 90° to the right in the other group, resulting in a reduction of depth information and a severe disruption of hand-eye mapping (90° group). The latter condition added rotation distortions to those produced by indirect viewing of the surgical field.
Eighteen participants were assigned at random to each of the three viewing conditions, with the restriction that the conditions were equated for sex. They performed the peg-transfer task continuously for 12 minutes under instructions to transfer as many foam stars as possible. The pegtransfer task was followed by the administration of the NASA-TLX.
Results
The mean number of foam stars transferred by the Control, 0°, and 90° groups were 92.72 (SE = 5.86), 40.67 (SE = 2.27), and 9.33 (SE = 1.67), respectively. A one-way analysis of variance (ANOVA), indicated significant group differences, F(2, 51) = 111.33, p < .05, and supplementary Tukey tests revealed that all groups differed significantly from each other in regard to performance (p < .05).
Performance differences were accompanied by significant disparities in mean global workload scores, F(2, 51) = 4.45, p < .05. Means for the Control, 0°, and 90° groups were 51.98 (SE = 4.41), 53.54 (SE = 3.45), and 66.87 (SE = 3.72), respectively. Supplementary Tukey tests indicated that while the Control and 0° groups were similar to each other (p > .05), both groups had significantly lower scores than the 90° group. A 3 (groups) × 6 (TLX-scales) mixed ANOVA, using the Box correction to control for violations of the sphericity assumption, was employed to examine differences in the components of workload reflected by the TLX subscales. The overall difference between groups found in the global analysis was confirmed in this analysis, F(2, 51), = 4.46, p < .05, and there was a significant main effect for scales, F(3.89, 198.56 
Method
Fifty-four undergraduates (27 men and 27 women) from the University of Cincinnati participated for course credit. The inclusion requirements for participants and the procedural protocol were identical to Experiment 1 with the exception that the MRQ was administered after completion of the peg transfer task.
Results
Mean foam star transfers for the Control, 0°, and 90° groups were 103.06 (SE = 4.18), 40.33 (SE = 2.78), and 10.22 (SE = 1.83), respectively. As in Experiment 1, significant group differences were obtained, F(2, 51) = 235.50, p < .05, and supplementary Tukey tests revealed that all groups differed significantly from each other in regard to performance (p < .05).
Responses to the MRQ were analyzed using a 3 (groups) × 17 (MRQ-Scales) mixed ANOVA which included the Box correction. Significant main-effects were obtained for groups, F(2, 51) = To explore the nature of the Groups × Scales interaction, one-tail t-tests (α = .05, Bonferroni corrected) were employed to determine the scales that differed significantly from a zero rating in each group. As shown in Table 1 , several process dimensions were identified as critical in all groups. These were the Manual, Short Term Memory, Spatial Attentive, Spatial Categorical, Spatial Concentrative, and Spatial Positional processes. In addition, the Facial Motive and Spatial Emergent dimensions were critical processes in the camera groups but not in the control group; the Tactile Figural dimension was critical in the 90° group but not in the other groups; and the Visual Temporal dimension was critical in the Control and 0° groups but not in the 90° group. 
DISCUSSION
This study represents the initial experimental effort to examine perceived mental workload in an endoscopic surgery simulator using the NASA-TLX and the MRQ. The results confirm informal reports (Cuschieri, 1995) that workload in the endoscopic environment is indeed high, and they further reveal that it is multidimensional in character. The global workload scores for the Control, 0°, and 90° groups fell at the mid-to upper levels of the TLX scale, exceeding those typically obtained in other types of tasks such as grammatical reasoning and simple tracking (Warm, Dember, & Hancock, 1996) . Consistent with the view that the endoscopic simulator imposes a demanding workload upon operators, the TLX also indicated that Mental Demand and Effort were the principal contributors to workload in the simulator. The view of substantial workload afforded by the TLX was complemented by the findings with the MRQ which revealed that in addition to manual processing, performance in the simulator calls upon several cognitive processes including Short Term Memory, and Spatial Attentive, Spatial Categorical, Spatial Concentrative, and Spatial Positional processes. Moreover, other processes, such as the Facial Motive (required movement of face muscles unconnected to speech or the expression of emotion) and Spatial Emergent processes (selecting a form or object from a highly cluttered or confusing background using the sense of vision), are added to the dimension profile by the need to view the surgical field via a TV monitor. The appearance of these dimensions in the workload profile of participants in the camera conditions is consistent with the observation that participants in these conditions grimace while performing the peg transfer task and with the fact that these participants experienced distorted visual information (i.e. disruption of hand-eye mapping and reduction of depth information.
Two additional MRQ dimensions differentiated the workload profile of the 90° group from that of its cohorts. These are the Tactile Figural (recognition or judgment of shape using the sense of touch) and the Visual Temporal (required judgment of time intervals, or of the timing of events using the sense of vision) dimensions. The exclusive appearance of the former in the workload profile of the 90° group, the group that experienced the greatest degree of visual distortion, might be explained by Gibson's (1966) theory of active touch. According to that view, our awareness of the role played by haptic information in motor skills is heightened when visual information is degraded. Moreover, the absence of the Visual Temporal dimension in the workload profile of the 90° group may be related to the fact that participants in the other groups performed the peg transfer task faster than those in the 90°group, and therefore, had to coordinate the movement of the graspers more rapidly than those assigned to the 90° group.
Taken together, the results obtained with the two workload scales featured in this investigation bring us one step closer to a better understanding of the precise dimensions of workload associated with the endoscopic simulator. Such information may be useful in the development of effective training programs for endoscopic surgery.
In addition to their implications for endoscopic surgery, the results of the present study have meaning for the broader issue of the measurement of workload itself. The MRQ is the latest addition to the cast of workload scales. Our results provide additional support for the validity of that scale by showing workload dimensions which would seem to be important in the endoscopic simulator wherein motor control in a spatial context is stressed, such as the Manual, Short Term Memory, and Spatial dimensions, were significant elements in the participants' workload profiles. On the other hand, dimensions that would seem to be unrelated to performance in the simulator, such as the Auditory Emotional, Auditory Linguistic, Facial Figural, Visual Lexical, Visual Phonetic, and Vocal dimensions were not significant elements in those profiles. However, as Boles and Adair (2001b) have shown, the linguistic elements do emerge as key dimensions in more linguistically oriented tasks.
Although the TLX and the MRQ both indexed substantial workload in the simulator, they differed in their identification of the sources of that workload. The finding with the TLX that global workload was identical in the Control group which viewed the peg board directly, and in the 0° group which viewed TV images of the peg board, and lower in both of those groups than in the 90° group, in which rotation was added to the need to view TV images of the peg board, suggests that rotation of the visual field was the prime determinant of global workload in the simulator. In contrast, the finding with the MRQ of identical levels of global workload in the 0° and 90° groups, with both groups exceeding the Control group, suggests that the need to view the peg board through a TV image was the principal determinant of global workload. Additional research will be needed to resolve the disparity between the scales in identifying the key determinants of global workload in the endoscopic simulator.
